Purpose To investigate the frequencies, trends, and in vitro drug susceptibilities of the causative pathogens in microbial keratitis in Manchester Royal Eye Hospital. Patients and methods Corneal scrape results recorded by the microbiology service between 2004 and 2015 were extracted from an established database. A total of 4229 corneal scrape specimens were identified from an established database. First-line antibiotic treatment in our centre during the study period was ofloxacin and second line was cefuroxime and gentamicin. Results Mean age was 45.9 ± 21.0. A total of 1379 samples (32.6%) were culture positive. One hundred forty-eight (10.7%) specimens cultured multiple organisms. Of the 1539 organisms identified, 63.3% were Gram-positive bacteria, 27.3% Gram-negative bacteria, 7.1% fungi, and 2.3% Acanthamoebae. A decreasing trend in Grampositive isolates was found together with a stable trend in Gram negatives and an increasing trend in Acanthamoeba and fungi. There appeared to be a significant increasing trend of Moraxella infection (P = 0.001). In all, 83.1 and 90.8% of Gram-positive and -negative isolates tested were susceptible to ofloxacin, respectively. Cefuroxime covered 86.6% of Gram-positive and 61.4% of Gram-negative isolates, whereas gentamicin covered 88.8 and 96.5% of Gram-positive and -negative isolates, respectively. Conclusion We found a change in the type of Gram-negative organisms isolated over time, with the Moraxella species on the rise. Reassuringly, no significant increase in resistance was observed in vitro for any of the commonly used antibiotics. Ofloxacin remains a good first-line antibiotic treatment but duo-therapy does have broader coverage and should be considered in nonresponsive cases.
Introduction
Microbial keratitis remains a serious cause of corneal opacification and sight loss worldwide. 1 Timely diagnosis and appropriate use of topical antimicrobial therapy are critical to effective management. Empirical use of broad-spectrum antimicrobial therapies is often the primary treatment modality, which is then tailored according to clinical response, cultured organisms, and their sensitivities. Increasing antimicrobial resistance due to inappropriate use of antibiotics has become a major public health issue. The Department of Health, UK, has recently published an integrated '5-year antimicrobial resistance strategy' to tackle this issue. 2 The overarching strategy is to encourage the optimal use of antimicrobial agent for each clinical scenario. Geographical variation in microbial spectrum and therapy is well researched. It is therefore imperative that local microbial trends are analysed to enable effective, evidence-based treatment algorithms to be used during the initial stages of clinical management.
The aim of this study was to determine and evaluate the frequencies, trends, and drug susceptibilities of the causative pathogens resulting in microbial keratitis over a 12-year period at the Manchester Royal Eye Hospital, a tertiary referral centre in the UK.
Materials and methods
This study was conducted in accordance with the Declaration of Helsinki and approval was obtained from the National Integrated Research Application System.
All corneal scrape specimens received and examined by the microbiology service between 1 January 2004 and 31 December 2015 were retrieved from an established electronic database.
Data collected including age of patient, date of scrape, Gram film, isolates, antimicrobial susceptibilities were organised onto a pre-designed pro forma.
A standard corneal scrape kit consisted of a glass slide for Gram stain, of which results were available within 6 h from the laboratory, two blood agar plates and one chocolate agar plate (6% CO 2 , at 37°C). Sabouraud's agar plate (air at 30°C) was used for fungus and a non-nutrient agar seeded with Escherichia coli for Acanthamoeba isolation, when there was high clinical suspicion for these infections. The blood and chocolate agar plates were incubated for 5 days and the non-nutrient agar was incubated for 7 days.
Corneal material was routinely obtained using a sterile 23 G needle and inoculated in a 'C' shape shallowly onto the culture plates. Any isolates seen growing on the 'C' inoculum were considered significant. Identification of organisms was achieved through the Biochemical methods (Vitek2, Biomerieux, Basingstoke, UK) or by mass spectrometry (MALDI-TOF, Bruker, Coventry, UK). The technique for isolation had remained consistent throughout the study period.
Significant isolates were tested against selected antibiotics in accordance with local protocol using both the British Society of Antimicrobial Chemotherapy methodology (www.BSAC.org.uk) and the Vitek 2XL system (www.biomerieux.co.uk). Based on the minimum inhibitory concentration systemic break points, all isolates were classified as susceptible or resistant. For staphylococci, antimicrobial susceptibility testing was achieved through the use of AST P635 cards on the Vitek2 system. Oxacillin and cefoxitin were tested to infer MecA production. Isolates that tested resistant to cefoxitin were reported as methicillin-resistant staph. aureus. Cephalosporins of any class were not used to infer production of MecA within staphylococci. Beta lactamase production by enterobacteriaceae was inferred from resistance to third and fourth generation cephalosporins tested within the Vitek N206 AST cards. Cefuroxime was only used as a screening agent for beta lactamase production within Neisseria gonorrhoea. Candida species susceptibility testing was performed using Vitek YSO7 cards. Other fungal isolates, such as aspergillus and Fusarium, were referred to the regional mycology reference unit at the University of South Manchester, where a minimum inhibitory concentration method was performed for all anti-fungal agents.
Statistical analysis was performed using Microsoft Excel, Xlstat 2016.1, and R v3.2.4. To examine trends in the data, the study period was divided into four groups of 3-year intervals: 2004-2006, 2007-2009, 2010-2012, and 2013-2015 . Graphical representation was used to gain an understanding of the structure of the data, while the Cochran-Armitage trend test was used to detect trends. A P-value of o0.05 was considered statistically significant, with consideration made for multiple testing in the interpretation.
Results

Overall trend analysis
A total of 4229 corneal scrape specimens were analysed during the study period. Mean patient age was 45.9 ± 21.0 (range 0.0-97.4). Of these, 1379 samples (32.6%) were culture positive and 148 (10.7%) specimens cultured multiple organisms (range [1] [2] [3] [4] A total of 1539 organisms were identified, of which 63.3 and 27.3% were Gram-positive and Gram-negative bacteria, respectively, 7.1% were fungi, and 2.3% were Acanthamoebae.
There was a suggestion of a decreasing trend in the percentage of Gram-positive bacteria isolated, a stable trend for Gram-negative bacteria, and an increasing trend for fungi and Acanthamoeba (Figure 1 ). When the study period was divided into four groups of 3-year intervals, trend analysis showed statistical significance for Grampositive bacteria (Po0.001), fungi (P = 0.005), and Acanthamoeba (Po0.001) but not for Gram-negative bacteria (P = 0.3; Table 1 ).
The most commonly isolated organism was coagulase negative staphylococcus (CNS), which accounted for 38.5% of all Gram-positive bacteria, although there appeared to be a decreasing trend over 12 years (Po0.001). In contrast, Staphylococcus aureus (SA) and 
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Streptococcus species appeared to be on the rise (P = 0.003, P = 0.01, respectively; Table 1 ). A total of 15 cases of methicillin-resistant staph. aureus were isolated over the study period. Pseudomonas species (with 86.0% being Pseudomonas aeruginosa) was found to be the most commonly isolated Gram-negative organism. Although numbers appeared to be decreasing over the study period, this was nonsignificant on testing for trend (P = 0.07). However, a significant increase in trend for the Moraxella species (P = 0.001) was evident (Table 1) .
Among the fungal species, yeast and Fusarium were the two commonest isolates, which when combined accounted for 78.9% of all fungal isolates (53.2 and 25.7%, respectively).
Antimicrobial susceptibility
Gram positive The antibiotic susceptibility rate for Grampositive organisms is demonstrated in Table 2 . There was no observed increase in resistance for any of the antibiotics tested (fusidic acid, vancomycin, chloramphenicol, ofloxacin and gentamicin) but an increase in susceptibility was observed for ofloxacin.
It was found that 88.5% of CNS were susceptible to chloramphenicol, in contrast to 95.6% of SA and 99.4% of Streptococcus species. Gentamicin was found to be an effective choice of antibiotics for CNS (97.3% susceptibility) and SA (99.6% susceptibility) but all the Streptococcus species tested were resistant to gentamicin. Susceptibility to ofloxacin was the highest for SA (91.2%), followed by CNS (86.2%) and Streptococcus species (59.3%) although there appeared to be an increasing susceptibility among the Streptococcus species. Both SA and Streptococcus species were found to have high susceptibility to cefuroxime (100.0 and 96.8%) and less so for CNS (63.2%) but the susceptibility test was performed for only a very small number of samples in the second half of the study period (Table 3 ). All the methicillinresistant staph. aureus cases were susceptible to vancomycin and ofloxacin.
Gram negative The antibiotic susceptibility rate for Gram-negative organisms is demonstrated in Table 2 . Overall, there was an increasing trend of susceptibility towards chloramphenicol (Po0.001) and cefuroxime (Po0.001) among the Gram-negative organisms.
Moraxella species were highly susceptible to chloramphenicol (100%), cefuroxime (100%), and ciprofloxacin (99.2%) and gentamicin (98.8%) but only 87.9% were susceptible to ofloxacin. Pseudomonas species remained highly susceptible to ciprofloxacin (100%), gentamicin (100%), tobramycin (100%), ceftazidime (98.7%), and ofloxacin (95.0%; Table 4 ).
Fungi In all, 94.6% of fungal species were sensitive to amphotericin, 95.7% to voriconazole, and 97.4% to flucytosine. All Fusarium and yeast species tested for voriconazole were susceptible to it; two out of the 12 Fusarium species tested for amphotericin susceptibility displayed resistance while there was no resistance observed among the yeast species for amphotericin. 
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Discussion
To the best of our knowledge, this is the largest and the longest data series used to analyse the current trends of microbial keratitis in the UK. The overall yield of positive cultures was 32.6% in our study, in contrast to 54.0% in the Oxford study, 3 49.3% in the Taiwanese study 4 and 38.4% in the Portuguese study. 5 Interestingly, we found that the percentage of positive cultures declined over the study period. This could partly be explained by the frequent use of antibiotics by general practitioners or chemists in the primary care before patients presented to our eye unit. The other explanations could be that insufficient samples were obtained from the cornea or that the scraping technique was inadequate. Corneal scrapes may have also been performed more frequently than required in the recent years on non-infective cases such as marginal keratitis.
Our data showed Gram-positive organisms to be the most common isolate although there appeared to be an overall decreasing trend of these microbes being isolated over time. There was also a shifting trend towards increasing numbers of fungi and Acanthamoeba species isolated. Gram-negative species overall remained similar, although in latter years the levels of variability appeared to be increasing. Gram-positive organisms were also found to be the commonest isolates in the Oxford series by Orlans et al 3 but the authors did not find a trend shift during the period 1999-2009. In our study, CNS was the commonest isolate but we observed a reducing trend in this organism with a shift towards an increasing trend of SA and Streptococcal isolates. CNS was also found to be the commonest isolate in other UK series, 3, 6 as well as the Indian 7 and the Saudi Arabian 8 series. Conversely, an increasing trend of CNS was observed by Orlans et al. 3 When compared to other regions in the world, SA was found to be the commonest isolate in Portugal, 5 whereas Pseudomonas species were the commonest isolates in Taiwan, 4 China, 9 and South Florida. 10 First-line treatment in our centre is the secondgeneration fluoroquinolone, ofloxacin. Our study showed that 83.1% of Gram-positive organisms and 90.8% of Gram-negative organisms were susceptible to this antibiotic. However, it is important to note that antibiotics given topically and intensively may achieve a high enough concentration to have a bactericidal effect on the microorganism and hence, the clinical susceptibility rate for ofloxacin may well be higher than the rate reported in vitro. Although results of in vitro microbial testing have been shown to be predictive of therapeutic response in bacterial keratitis, 11 laboratory results should only be used as a guide to continue or discontinue treatment in context with the clinical response to treatment. The alternative first-line treatment in the UK is duo-therapy, usually with cefuroxime and gentamicin. Our study showed that cefuroxime had a 86.6 and 61.4% susceptibility rate to Gram-positive and Gram-negative organisms, respectively, and gentamicin had a 88.8 and 96.5% susceptibility rate to the two groups, respectively, which when used in combination did appear to increase the overall coverage of organisms compared to ofloxacin alone. However, gentamicin is toxic to the ocular surface and duo-therapy is more difficult to administer. Hence, newer-generation fluoroquinolone as monotherapy is often preferred to duo-therapy due to its high tolerability. The use of monotherapy is also supported by a randomised controlled trial, which showed similar efficacy of fluoroquinolone compared to duo-therapy therapy (cefazolin and tobramycin) with fewer side effects. 12 However, monotherapy with fluoroquinolone Twelve-year microbial keratitis trend in Manchester SZ Tan et al Table 3 Antibiotics susceptibility to different Gram-positive species 31 (100) 30 (100) 1 (100) 1 (100) 63 (100) 38 ( Bold values indicate Po0.005.
Table 4
Antibiotics susceptibility in different Gram-negative species 38 (100) 30 (100) 142 (98.7)
There was no significant changes in trend detected.
Twelve-year microbial keratitis trend in Manchester SZ Tan et al has its pitfall. Goldstein et al 13 had found increased resistance of SA and Streptococcus to ciprofloxacin and ofloxacin, with an overall resistance rate of 22 and 18% to ciprofloxacin and ofloxacin, respectively, among the Gram-positive organisms, and 2.7% among Gramnegative organisms for both antibiotics. Similar rate of resistance to ofloxacin (17%) was found with the Gram positives in our study, but higher for the Gram negatives (10%). Gram-negative organisms remained highly susceptible to ciprofloxacin (98.9%) in our study but susceptibility was not tested in Gram-positive organisms as they are known to be highly resistant. 13 We did not observe any emerging resistance to fluoroquinolones or any other commonly used antibiotics, which was also observed in other recent series. 4, 5, 8 Conversely, there appeared to be an increasing susceptibility among the Gram-positive organisms to ofloxacin, specifically with the Streptococcus species, although the overall susceptibility rate of ofloxacin among the Streptococcus species was still low at 53.9%. Decreasing antibiotic resistance or increasing susceptibility has been observed in other series. 4, 14 Taking into account our findings and recent literature, ofloxacin remains a reasonable first-line therapy in our centre but in cases that are slow to respond to treatment or when there is suspicion of Streptococcus species as a pathogen, switching to duo-therapy would be considered early. Our study suggested that combination therapy with vancomycin and ciprofloxacin covered 99.8 and 98.9% of Gram-positive and Gram-negative isolates, respectively, and these antibiotics could be considered in highly resistant cases especially where laboratory results are unavailable. An important finding from this study was the observed trend change in the Gram-negative isolates. Pseudomonas species (mainly Pseudomonas aeruginosa) remained the commonest Gram-negative isolate over the study period (37.1%), followed by Moraxella (22.1%) but there was a sharp increase in the number of Moraxella species isolated in conjunction with what appeared to be the beginning of a trend towards declining Pseudomonas isolates towards the end of the study period (although this did not achieve statistical significance), despite an overall stable trend of the Gram-negative isolates. To the best of our knowledge, this trend has not been reported in recent literature. P. aeruginosa has been found to be the commonest pathogen associated with contact lens keratitis, 15, 16 and the higher prevalence of these infections seen in Taiwan 4 and China 9 appear to mirror the more frequent use of contact lenses. Other population studies 8, 10 have also observed a general decline in the incidence of Pseudomonas keratitis and this may be attributable to the increased awareness of contact lens hygiene. Moraxella species on the other hand, are a rarer causative pathogen for keratitis with a reported rate of 3.0-3.9% of all cultured proven bacterial keratitis. 3, 17 Inoue et al 18 reviewed 30 cases of Moraxella keratitis retrospectively and found that contact lens wear was one of the predisposing factors for this infection but other ocular comorbidities including the use of steroid eye drops and poor ocular surface were also significant contributing factors. When patient age was more than 60 years, systemic comorbidities, such as diabetes, were an important predisposing factor. Other studies have also found Moraxella keratitis to be associated with chronic alcoholism, malnutrition, and poor sanitary habits. [19] [20] [21] It is beyond the scope of this study to perform subgroup analysis on these two groups of patients. With the observed change in trend, high clinical suspicion for Moraxella keratitis is required especially in older patients with systemic comorbidities as the infection can appear clinically similar to Pseudomonas but may require a different antibiotic regime. According to our study, Moraxella species were 100% susceptible to chloramphenicol and cefuroxime and 99% to ciprofloxacin but only 88% susceptible to ofloxacin, as opposed to Pseudomonas species, which was known to be resistant to chloramphenicol 22 but had high susceptibility to ciprofloxacin (100%) and ofloxacin (95%).
When considering non-bacterial isolates, 7.1% of our positive cultures grew fungi. The two most common fungal isolates reported in literature were yeast and Fusarium species, 23, 24 which was what we found in our study. Our study also observed a likely increasing trend of fungal infection, consistent with the findings from the US series. 23, 25 However, it is to be noted that the quoted studies reported fungal keratits in contact lens wearers specifically, unlike our study which reported the overall rate of fungal keratitis irrespective of aetiology. The firstline anti-fungal agent in our unit at the time of the study was voriconazole and our study confirmed a good susceptibility rate of 95.7% to the fungal species. In the mycotic ulcer treatment trial, 26 natamycin has been recommended as the potential first-line therapy against filamentous fungi. Our laboratory does not routinely test for natamycin sensitivity and hence we are unable to comment on the use of this anti-fungal agent but voriconazole appeared to have a good anti-fungal activity overall in our study, for both Fusarium and yeast, in vitro at least. However, we note that recent study by Sharma et al 27 confirmed a better clinical outcome with natamycin than voriconazole, especially in Fusarium keratitis and our centre is now considering switching to natamycin as the first line.
We found Acanthamoeba species in 2.3% of the positive cultures. This rate mirrors those of other studies. 28, 29 There appears to be a significant geographical variation, with some of the highest rates reported in the UK, where contact lens wear is more prevalent and the incidence is thought to be on the rise, which was also observed in our study. [30] [31] [32] In our study, we found a higher incidence of fungal keratitis than Acanthamoeba keratitis. However, Acanthamoeba keratitis, some of which were culture negative and diagnosed based on clinical appearance and confocal microscopy, was undoubtedly seen and treated more commonly in our eye hospital over the study period than fungal keratitis, suggesting that corneal scrape in our institution might have a low sensitivity for Acanthamoeba. It is beyond the scope of this study to describe the incidence of culture-negative Acanthamoeba keratitis in our clinical practice but the actual rate of Acanthamoeba keratitis treated is expected to be higher than the rate reported here. The low incidence of culture-positive Acanthamoeba keratitis may be due to difficulty in culturing Acanthamoeba, whereas fungus grows more readily in cultures. While culture remains the gold standard for diagnosing Acanthamoeba, several polymerase chain reaction-based techniques have been described to increase sensitivity significantly. 33, 34 There are a few limitations in this study. There is a possibility that the positive cultures in some of the cases were caused by non-pathogenic commensals from the ocular surface, such as the CNS. The converse is also true where the pathogens may not have been cultured successfully due to inadequate corneal sample or limitations in laboratory techniques. Therefore, the decreasing trend of Gram-positive organisms needs to be interpreted with care as it may not be representative of the actual trends of disease-causing pathogens. Like other antibiotics susceptibility studies, in vitro testing of susceptibility and resistance does not always translate into real-life clinical response as frequency of use, host factors, and penetration of eye drops may all have a role in the efficacy of an antibiotic. Another limitation in this study includes the selective testing of antibiotics against certain isolates based on prior knowledge of susceptibility. This may have introduced bias in the rates reported and any conclusions drawn from this study need to take this limitation in methodology into account. We were also unable to investigate the change in trend in susceptibility, if any, of neither the commonly used antibiotics against all the isolates nor the newer antibiotics, such as moxifloxacin, gatifloxacin, or levofloxacin, due to the retrospective nature of this study. As there is geographical difference in the pathogenicity of microorganisms, care has to be taken when extrapolating the results from our study to other regions.
In conclusion, we found a change in the type of Gram-negative organisms isolated, with the Moraxella species on the rise. It is reassuring that there was no observed increase in resistance in any of the commonly used antibiotics tested in vitro. Ofloxacin remains a good first-line antibiotic treatment but duo-therapy should be considered early in clinically non-responsive cases.
Summary
What was known before K Pseudomonas is the commonest Gram-negative organism in microbial keratitis in many studies. There have been concerns about emerging resistance to commonly used antibiotics.
What this study adds K Moraxella keratitis is on the rise. No increase in resistance was observed for any of the commonly used antibiotics such as ofloxacin.
